ABSTRACT Aims/Introduction: Dipeptidyl peptidase-4 inhibitors are used for treatment of patients with type 2 diabetes. In addition to glycemic control, these agents showed beneficial effects on lipid metabolism in clinical trials. However, the mechanism underlying the lipidlowering effect of dipeptidyl peptidase-4 inhibitors remains unclear. Here, we investigated the lipid-lowering efficacy of anagliptin in a hyperlipidemic animal model, and examined the mechanism of action. Materials and Methods: Male low-density lipoprotein receptor-deficient mice were administered 0.3% anagliptin in their diet. Plasma lipid levels were assayed and lipoprotein profile was analyzed using high-performance liquid chromatography. Hepatic gene expression was examined by deoxyribonucleic acid microarray and quantitative polymerase chain reaction analyses. Sterol regulatory element-binding protein transactivation assay was carried out in vitro. Results: Anagliptin treatment significantly decreased the plasma total cholesterol (14% reduction, P < 0.01) and triglyceride levels (27% reduction, P < 0.01). Both low-density lipoprotein cholesterol and very low-density lipoprotein cholesterol were also decreased significantly by anagliptin treatment. Sterol regulatory element-binding protein-2 messenger ribonucleic acid expression level was significantly decreased at night in anagliptin-treated mice (15% reduction, P < 0.05). Anagliptin significantly suppressed sterol regulatory element-binding protein activity in HepG2 cells (21% decrease, P < 0.001).
INTRODUCTION
Incretins, such as glucagon-like peptide-1 (GLP-1), are important factors involved in the regulation of glucose metabolism. GLP-1 is produced by L-cells in the intestine after meals, leading to secretion of insulin by pancreatic b-cells. However, plasma GLP-1 is cleaved by dipeptidyl peptidase-4 (DPP-4), and inactivated within a few minutes. Therefore, inhibition of DPP-4 activity is an effective approach to lowering blood glucose levels by preventing the degradation of plasma GLP-1. Since the approval by the US Food and Drug Administration in 2006 of the first DPP-4 inhibitor, sitagliptin 1 , many DPP-4 inhibitors have been used to treat patients with type 2 diabetes.
In addition to glycemic control, DPP-4 inhibitors, such as sitagliptin, vildagliptin and anagliptin, were recently shown to have beneficial effects on lipid metabolism. Meta-analyses showed lipid-lowering effects of DPP-4 inhibitors, including sitagliptin and vildagliptin 2, 3 . Some, but not all studies, showed that sitagliptin reduced serum cholesterol and triglyceride levels [4] [5] [6] [7] [8] [9] . Significant changes in cholesterol levels were observed in all vildagliptin trials included in the meta-analysis by Monami et al. 2 , but the triglyceride-lowering effect was not consistent among the trials [10] [11] [12] [13] . With regard to the lipid-lowering effect of anagliptin, plasma total cholesterol, low-density lipoprotein cholesterol (LDL-C) and triglyceride levels were decreased in pooled analysis of phase III clinical trials, and all of the trials showed decreased lipid levels [14] [15] [16] . These clinical findings suggest that DPP-4 inhibitors contribute to a reduction in plasma lipid level, although the underlying mechanism of this action of DPP-4 inhibitors remains unclear.
In the present study, we investigated the lipid-lowering efficacy with DPP-4 inhibitor, anagliptin, in LDL receptor (LDLR)-deficient mice as a hyperlipidemic animal model. As significant reductions in cholesterol and triglyceride levels were both observed in mice treated with anagliptin, we used this agent to investigate the mechanism underlying the lipid-lowering effects of DPP-4 inhibitors. The present results showed that anagliptin reduced the lipid levels in LDLR-deficient mice and decreased hepatic lipid synthesis. DPP-4 inhibitor, anagliptin, might have beneficial effects on lipid metabolism in addition to glycemic control.
MATERIALS AND METHODS

Animals
Male LDLR-deficient mice (B6.129S7-Ldlr tm1Her /J) were purchased from The Jackson Laboratory (Bar Harbor, ME, USA) through Charles River Laboratories Japan (Yokohama, Japan) at 5 weeks-of-age. Mice were housed under 12-h light/dark cycle (07.00/19.00 h), and fed a normal chow diet (CE-2; CLEA Japan, Tokyo, Japan) and sterilized water ad libitum. Anagliptin was provided by Sanwa Kagaku Kenkyusho (Nagoya, Japan). From the age of 6 weeks, LDLR-deficient mice were given a diet containing 0.3% anagliptin 17, 18 , for 4 weeks. In the experiments for sampling at night, anagliptin at 0.3% was administered for 2 weeks for sampling from 22.00 to 02.00 h. In this condition, plasma concentration of anagliptin was approximately 600 ng/mL, and approximately 80% inhibition of DPP-4 activity was observed, similar to a clinical report 16 . The animal care and experimental procedures were approved by the Animal Care Committee of Tokyo New Drug Research Laboratories, Kowa Company (Tokyo, Japan).
Plasma cholesterol and triglyceride levels
Blood samples were collected to measure plasma glucose, cholesterol and triglyceride levels using assay kits from Wako Pure Chemical Industries (Osaka, Japan). Lipid profile was analyzed by high-performance liquid chromatography (LC-20A; Shimadzu, Kyoto, Japan). Plasma samples were diluted with phosphate-buffered saline containing 1 mmol/L ethylenediaminetetraacetic acid and separated using a Superose 6 gel filtration column (GE Healthcare, Buckinghamshire, UK), followed by on-line reaction with a lipid assay kit and detected at 600 nm 19 .
Gene expression analysis using deoxyribonucleic acid microarray and real-time quantitative polymerase chain reaction Ribonucleic acid extracted from tissue samples was subjected to deoxyribonucleic acid (DNA) microarray analysis (Mouse GE 4x44K v2; Agilent Technologies, Santa Clara, California, USA), and analyzed using GeneSpring 13.0 (Agilent Technologies). Genes with >1.2-fold change were regarded as differentially expressed and used for pathway analysis. 
Plasmid vector construction
Tandem sterol responsive element (3 9 SRE) was obtained using synthetic oligo DNA as follows 21 : (sense) CCGCTCGAG AAAATCACCCCACTGCAAAATCACCCCACTGCAAAATC ACCCCACTGCAAACTCCTCCCCCTGCGAT and (antisense) ATCGCAGGGGGAGGAGTTTGCAGTGGGGTGATTTTGCA GTGGGGTGATTTTGCAGTGGGGTGATTTTCTCGAGCGG. They were annealed and inserted into the pGL4.28 vector containing firefly luciferase (Promega, Madison, Wisconsin, USA) with EcoRV and XhoI sites (SRE-luc).
SREBP transactivation assay
HepG2 cells were purchased from American Type Culture Collection (ATCC; Manassas, Virginia, USA). HepG2 cells were cultured at 1 9 10 4 cells/well in 96-well plates. The next day, the cells were transfected with luciferase vector using X-tream-GENE HP reagent (Roche, Mannheim, Germany). pRL-SV40 (Promega) was co-transfected for correction of transfection efficiency. After 24 h, medium was changed to fresh medium containing 5% lipoprotein-deficient serum, and stimulated with the test compound for 24 h. Cell lysates were subject to Dual-Glo Luciferase Assay System (Promega) according to the manufacturer's instructions.
Statistical analysis
The results are presented as mean -standard error of the mean. Differences between groups were examined for statistical significance using Student's t-test or Dunnett's test. In all analyses, P < 0.05 was taken to show statistical significance.
RESULTS
Lipid-lowering effect of anagliptin in LDLR-deficient mice
The effect of DPP-4 inhibitor on lipid profile was investigated. LDLR-deficient mice treated with anagliptin and control groups showed similar bodyweight ( Figure 1a) . Plasma glucose and insulin levels were at normal levels in both groups.
Anagliptin-treated mice showed significantly decreased plasma total cholesterol and triglyceride levels (Figure 1b,c) . Highperformance liquid chromatography analysis showed that very low-density lipoprotein cholesterol and LDL-C were significantly decreased (Figure 2a,b) . High-density lipoprotein cholesterol was slightly lowered in the anagliptin treatment group, but not significantly (Figure 2c) , indicating that the reduction of plasma total cholesterol level was mainly due to a decrease in LDL-C in mice treated with anagliptin. As significantly reduced cholesterol and triglyceride levels were observed with anagliptin treatment in the in vivo model, this agent was used in subsequent experiments as a lipid-lowering DPP-4 inhibitor.
Hepatic gene expression analysis involved in lipid metabolism
To investigate the mechanism underlying the lipid-lowering effect of anagliptin, hepatic gene expression was analyzed by DNA microarray and pathway analyses. Comparison of gene expression patterns between anagliptin-treated and control liver samples showed associations with pathways related to lipid (Table 1) . Hepatic de novo triglyceride synthesis tended to be reduced in anagliptin-treated mice ( Figure S1 ). Next, the expression levels of SREBP were examined, as it is an important factor for lipid syntheses. The level of SREBP-1c expression was not altered, but SREBP-2 expression was significantly decreased in the anagliptin-treated group at night (Figure 3) . These data suggested that anagliptin might regulate hepatic gene expressions involved in lipid synthesis.
SREBP activity in HepG2 cells treated with anagliptin SREBP transactivation assay was carried out in HepG2 cells using luciferase vector with the SRE promoter to investigate the direct effects of anagliptin on lipid metabolism. SREBP activity was significantly suppressed by anagliptin after 24 h of stimulation (Figure 4 ). These observations suggested that the lipid-lowering mechanism of anagliptin might involve downregulation of SREBP activity.
DISCUSSION
In addition to glycemic control, clinical trials with DPP-4 inhibitors have shown that these agents also show lipid-lowering effects. Meta-analyses showed lipid-lowering effects of several DPP-4 inhibitors, including sitagliptin and vildagliptin 2, 3 . Anagliptin was shown to reduce total cholesterol, LDL-C and triglyceride levels in clinical trials [14] [15] [16] . Thus, DPP-4 inhibitors might have beneficial effects on lipid metabolism, but the underlying mechanism is not fully understood.
Mice and rats lacking DPP-4 activity showed decreased levels of hepatic SREBP-1c and FAS expression 22, 23 . The lipid-lowering effects of DPP-4 inhibitors in vivo were described previously in animal models of type 2 diabetes. Sitagliptin analog and vildagliptin were reported to decrease lipogenic gene expression in a mouse model of diet-induced obesity 24, 25 . Recently, MK-0626 was shown to decrease lipogenic gene expressions in ob/ob mice 26 . These reports showed that DPP-4 inhibitors ameliorated not only blood glucose level, but also lipid metabolism. In the present study, we used LDLR-deficient mice fed normal chow as a normoglycemic hyperlipidemic animal model to eliminate the effects of glycemic control 27 . First, we confirmed the efficacy of DPP-4 inhibitor, anagliptin, on plasma lipid levels in vivo. Anagliptin significantly reduced both total cholesterol and triglyceride levels in Liver samples from low-density lipoprotein receptor-deficient mice treated with anagliptin or untreated controls were subjected to deoxyribonucleic acid microarray analysis (n = 4). Associated pathways with differentially expressed genes as determined by deoxyribonucleic acid microarray analysis are shown. LDLR-deficient mice. LDL-C was also decreased significantly in mice with anagliptin treatment. These observations suggested that anagliptin might have a beneficial effect on lipid metabolism in clinical and experimental settings. In a previous clinical study, plasma cholesterol levels were decreased by anagliptin treatment in patients treated with or without statins 14 . Statins are known to suppress cholesterol synthesis, and enhance the uptake of LDL-cholesterol mediated by LDLR. In the present study, however, LDLR-deficient mice treated with anagliptin showed decreased cholesterol levels, suggesting that this drug might regulate plasma lipid levels through a mechanism different from that of statins.
Next, we investigated the mechanisms underlying the lipidlowering effects of DPP-4 inhibitor. These experiments were carried out using anagliptin as a lipid-lowering DPP-4 inhibitor. DNA microarray analysis showed significant associations with pathways involved in lipid metabolism in the livers of mice with anagliptin. The level of SREBP-1c expression was unchanged, but SREBP transactivation assay in hepatocytes suggested the downregulation of triglyceride synthesis by anagliptin treatment. Although the effects of DPP-4 inhibitors on triglyceride synthesis and secretion have not yet been reported, hepatic de novo triglyceride synthesis tended to be reduced in anagliptin-treated mice, and our preliminary experiments showed that anagliptin treatment did not alter the rate of triglyceride secretion in vivo ( Figure S1 ). With regard to cholesterol metabolism, SREBP-2 expression level was significantly decreased in the anagliptin-treated group at night, and SREBP transactivation assay in hepatocytes also suggested the downregulation of SREBP-2 by anagliptin treatment. Thus, anagliptin treatment might reduce plasma cholesterol levels mediated by the downregulation of SREBP-2. Although further studies are required to determine the mechanism by which anagliptin regulates lipid metabolism, these results suggested that the plasma triglyceride and cholesterol lowering effects of anagliptin treatment might involve its interactions with the SREBP pathway. The in vitro result suggested that anagliptin could regulate lipid metabolism directly. The present results suggested that the lipid-lowering effect of DPP-4 inhibitor treatment might involve a decrease in hepatic lipid synthesis, which support previous clinical findings indicating that anagliptin decreased a marker of cholesterol synthesis 28 . In addition, there remains the possibility that other tissues are involved in the lipid-lowering effects of anagliptin. The intestine is an important tissue for lipid metabolism, because the lipids present in foods are absorbed, gastrointestinal hormones are produced and lipids are excreted with bile acids in the intestine. In a review article, Ussher et al. 29 reported that activation of GLP-1R signaling inhibits lipoprotein production in the intestine. Anti-inflammatory effects might also be involved, as a recent study showed that anagliptin improved inflammation in the liver and adipose tissue, suggesting a beneficial effect on chronic inflammation in metabolic diseases 30 .
Taken together, the results presented here suggest that DPP
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